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Measurement of the W-Boson P Distribution in pp Collisions at v/s =1.8 TeV
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Using the Collider Detector at Fermilab, the W-boson differential cross section do/dPr is measured
using W— ev events in proton-antiproton collisions at v’s =1.8 TeV. A next-to-leading-order theoreti-
cal calculation agrees well with the data. The cross section (o) for Pr> 50 GeV/c is measured to be

423 + 58(stat) & 108(syst) pb.
PACS numbers: 13.85.Qk, 14.80.Er

Quantum chromodynamics (QCD) ascribes the trans-
verse momentum of W bosons (P¥) produced in pp col-
lisions to associated production of one or more gluons or
quarks with the W. Comparisons of the measured P}
distribution to recent next-to-leading-order calculations’
provide a test of these QCD calculations. Deviations
from the prediction at large P¥ could indicate new phys-
ics beyond the standard model. The center-of-mass en-
ergy (/s =1.8 TeV) available to the Collider Detector
at Fermilab? (CDF) allows a measurement of the P¥
spectrum at larger P} than previous measurements® at
the CERN pp collider (+/s =0.63 TeV).

The W bosons which decay into an electron and a neu-
trino are used to measure do/dPr. The electron is re-
stricted to the central region* (|[n= —Intan6/2| <1.1)
where a vertex time projection chamber, a drift chamber
(CTC) in a 1.4-T axial magnetic field, Pb(Fe)-scin-
tillator calorimeters, and proportional wire chambers
(CES) at the depth of electromagnetic shower maximum
provide good electron identification. The neutrino pro-
duces an imbalance in the transverse energy (Er
=F sinf) deposition. The missing E7 (B7) is defined by

E’T=_ZE!}‘ﬁi’ (l)

i =calorimeter tower number with |n| <36,

where fi; is a unit vector perpendicular to the beam axis
and pointing at the ith calorimeter tower. A perfect
detector would give Er=E7. For each event, PY is
reconstructed from the electron momentum and the E7.
Events must pass an electron trigger requiring (i) a
cluster in the central electromagnetic (EM) calorimeter
with E7 > 12 GeV; (ii) a track in the CTC (Ref. 5) with
Pr > 6 GeV/c pointing toward the cluster; and (iii) the
cluster’s ratio of energy in the hadronic (Had) calorime-
ter to the energy in the EM calorimeter, Had/EM, less
than 12.5%. The sample is further reduced by requiring
that (i) the electron transverse energy Ef°>20 GeV;
(ii) Had/EM < 0.055+0.00045E °*(GeV); (iii) the ra-
tio of electron energy to track momentum be less than
1.5; (iv) the match between the CES shower position and
the track position be within 1.5 cm in the ¢ direction and
3.0 cm in the z direction; (v) the electron be isolated,
(E, —E§¢)/E§*® < 0.1, where E, is the total transverse
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energy inside a cone with radius R = (An?+A¢?) 12=0.4
centered on the cluster; and (vi) the lateral profiles of the
calorimeter shower and the CES shower be consistent
with the profiles of test beam electrons. Finally, the elec-
tron is required to fall in the fiducial volume away from
calorimeter cracks, and the event vertex is required to be
within 60 cm (20) of the nominal interaction point.
These requirements leave 4442 events.® The final in-
clusive W sample (2496 events) is selected by requiring
|B7| > 20 GeV and eliminating events consistent with a
Z decay or photon conversion (y— e *e 7).

The remaining backgrounds are summarized in Table
I. The total background fraction is approximately con-
stant with P}. The amount of QCD background (jets
and semileptonic decay of b,c quarks) is determined by
studying the isolation of electrons in both a background
sample and a signal sample with no isolation require-
ment. The number of QCD background events in the
final sample is taken as the number of nonisolated elec-
trons in the signal sample scaled by the ratio of isolated
to nonisolated electrons in the background sample. This
background’s spectrum shape is then determined from a
background-rich data sample. The size and shape of the
background from W— tv(r— evv) and remaining
Z— ee and Z— 717 (t— evv) events are estimated us-
ing the ISAJET (Ref. 7) Monte Carlo program with
detector simulation. The W-— tv background, which
has the same shape as the signal, is removed using a
scale factor (Table II). Finally, the background from
heavy-top-quark decay is assumed to be zero events with

TABLE 1. Event sample summary. The W-— tv back-
ground is removed by the normalization factor given in Table
I

Number of events

Candidates 2496
Backgrounds:
QCD 45 +24
Z—ete” 34+15
Z—tt(t—e) 8t 4
W— tv(t—e) 85+t 10
Heavy top 003!
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TABLE II. Normalization factors.
normalization as a divisor.

Each factor enters the

Value
Electron identification efficiency 0.84 +0.03
Background: W— tv 1.034 £0.004
W’s misidentified as
Conversions 0.965+0.015

Z’s 0.999*889!

Event-vertex cut at 20 0.954 £0.005
Integrated luminosity (pb ~") 4.05+0.28
Assumed branching fraction ¥

an upper limit of 31 events, corresponding to the expect-
ed signal from a top quark with n,,, =90 GeV/c 28

The cross section is normalized from the efficiencies
(Table I1), acceptance, and integrated luminosity. The
electron identification efficiency is measured using a
sample of W’s selected solely with strict cuts on the E7
and has negligible dependence on P}. The electron
trigger efficiency, studied using a Er trigger, is included
in the electron identification efficiency. A Monte Carlo
program predicts 0.1 2:0% of the W’s are removed by the
Z veto. The fraction of W events lost by cuts to remove
photon-conversion electrons is estimated by cutting on
two tracks of the same charge instead of opposite
charge. The kinematic and fiducial acceptance versus
P{ is determined from a Monte Carlo program®
(PAPAGENO) using MRS2 structure functions.'® The
acceptance is ~(32+2)% for P}¥ <80 GeV/c and rises
to ~(45+5)% at P =170 GeV/c. The systematic un-
certainty on the acceptance is determined by varying the
structure functions and the detector simulation of the
Br. The integrated luminosity is 4.05+0.28 pb ~!.®

Cracks between detector components and nonlinear
calorimeter response to low-energy particles make the
observed E7 an inaccurate measure of the neutrino Er.
The corrected By (E¥) is calculated by dividing the ob-
served calorimeter energy into three distinct classes: the
electron cluster, other clustered energy (Ef"s>10
GeV),!" and nonclustered energy. The nonclustered en-
ergy vector (Ef°) is defined to incorporate the small
amount of energy not included in the other classes. The
corrected value of the B7 is found by substituting the
corrected values of the E$¢, E{", and EJ into the fol-
lowing expression:

Br—— (Ef*+ TEFM+EF). @

Studies of test beam electrons and inclusive electrons
provide small corrections to the electron energy. 12

A Monte Carlo program is tuned to reproduce the jet
fragmentation and nonclustered energy observed in the
data. The calorimeter’s response to single hadrons is
determined from test-beam and E/P studies of low-
energy particles. Using the Monte Carlo program to
convolute the jet fragmentation with the calorimeter
response, an E§"-dependent energy correction is deter-

15|(III]III_I]II\I[II

O Before Correction |
O After Correction
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FIG. 1. The effect of the B7 correction on Z events. The n
direction is determined with the electrons but P, can be deter-
mined with the electron momenta or the recoil energy. The
difference, P5¢— P;, is shown vs P;. Each error bar repre-
sents the uncertainty on the mean.

mined for a central cluster (0.15< [nl <0.9)."* The
correction is extrapolated to the remaining detector us-
ing a relative response derived by balancing the Er in
two jet events. This relative response incorporates the
low response for clusters incident on detector cracks.
The cluster correction’s systematic uncertainty is es-
timated by examining the corrected Er in events con-
taining jets and an expected |Br|~0. Using the Monte
Carlo program to compare the observed E7° with the to-
tal momentum of particles not included in the clusters or
the electron yields a scale factor of 2.0 = 0.2 for the Ef°
correction. The systematic uncertainty is determined
from balancing the electron and recoil energies in Z
events, as described below.

The Er corrections are verified with a Z— ee event
sample. The component of P# that is parallel to the
bisector of the electron directions (=P,) is well deter-
mined from the measured electron momenta. The com-
ponent is also measured from the other calorimeter ener-
gy depositions (recoil energy). The recoil-energy mea-
surement is subject to the same errors as the PY¥ mea-
surement, and the same corrections can be applied. Fig-
ure 1 shows the mean difference between the electron
measurement, P, and the recoil-energy measurement,
P, as a function of P;‘. After corrections, the dif-
ference is centered around 0.0 GeV/c for all P;°. The
lower region, P <10 GeV/c, is sensitive to the E¥*
scale factor, while the last two bins are sensitive to the
cluster correction. A projection of the difference, fitted
by a Gaussian distribution, gives a mean of 0.1 +0.3
GeV/e.
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10% 11 i T T T TS TABLE III. The cross section do/dPr vs P¥. The P¥
= 3 values are corrected for binning effects.
= - PY do/dPr * (stat) % (syst)
10% = - (GeV/c) [pb/(GeV/e)]
- E E 1.0 694 *+75%451
S - - 3.0 1562 +102+677
8 102:_ — 5.0 1419 + 84 + 382
S = 3 7.0 1084 *£68%219
= o 3 9.0 963  +£61+196
ok ~ 7 11.0 762 +54+173
3 w0l = 13.0 684 +51%164
© = 3 15.0 521  *£45%122
r N 17.0 451 +431+104
100 | 19.0 388 +40+86
3 3 22.5 291 +22+65
E E 27.5 154 +16+33
- — 32,5 115 +14+24
Lo o b b oy 375 61.1 +99+128
0 50 100 150 42.5 51.5 £9.2+10.6
py(Gev/c) 47.5 40.4 +8.1+8.3
54.7 196 +4.0+44
FIG. 2. The differential cross section do/dPr for W-boson 68.9 73 +1.7+2.1
production. The points are the measured values with combined 99.6 1.18 +0.41+0.55
systematic and statistical uncertainties. The band is a next- 151.2 0.44 +0.24+0.15

to-leading-order theoretical prediction (Ref. 1) with Aqcp
=190 MeV, 02=Pi#, and HMRS(B) structure functions [P.
N. Harriman, A. D. Martin, W. J. Stirling, and R. G. Roberts,
Phys. Rev. D 42, 798 (1990)]. The horizontal error bars span
the bin.

Detector resolution distorts the falling P¥ distribution
towards larger P¥. To correct for this effect, an empiri-
cal parametrization of the P} spectrum is smeared using
a resolution function determined from a detector simula-
tion. The spectrum parameters are varied to find the
best fit between the smeared spectrum and the data. The
best fit is used to form a smearing correction which is the
ratio between the parametrized spectrum before and
after smearing. The correction is a scale factor between
1.9 and 0.83 for P}¥ <10 GeV/c and between 0.87 and
0.97 for PY¥ > 20 GeV/c. The systematic uncertainty of
the correction is determined by varying the resolution
function and refitting.

The systematic uncertainties are propagated into the
PY¥ spectrum by using a simple Monte Carlo program
which varies each correction factor by its uncertainty.
Each factor (luminosity, background, B correction,
etc.) is varied in a manner which preserves the correla-
tions between the bins, thus providing a covariance ma-
trix describing the correlations. The Monte Carlo pro-
gram also incorporates the statistical uncertainty on the
observed number of events. '3

The fully corrected differential cross section do/dPr is
shown in Fig. 2 and given in Table III. The error bars
represent the combined statistical and systematic uncer-
tainties. The integrated cross section for PY¥ > 50 GeV/c
is 423+ 58(stat) = 108(syst) pb (2% of o). The
theory predicts a cross section of 428 + 64 pb.! The to-
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tal integrated cross section is in agreement with our pub-
lished value of oB.% In conclusion, the theoretical pre-
diction is in good agreement with the measured W-boson
transverse-momentum spectrum do/dPr, and no
significant deviations from the standard-model prediction
are seen.
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